Active polyamine biosynthesis occurs in the embryonic axis, but not in the cotyledons, during germination of Glyciac max (L.) further elucidated. To understand the potential roles of polyamines in cellular metabolism, it is necesary to clarify whether changes in the content of polyamines in general or a specific polyamine is causally linked to, or merely a consequence of, plant growth and development. In this study, polyamine levels and complexities were determined in the cotyledon, hypocotyl hook, hypocotyl, and radicle of soybean (Glycine mnax L. Merr.) cv Williams during and after seed germination. Experiments were also carried out to characterize Cad biosynthesis in the embryonic axis during seed germination and growth ofthe young seedling.
the amino acid precursors for the diamines are supplied from breakdown of the cotyledonary protein.
In the axis, Cad synthesis which is catalyzed by L-lysine decarboxylase precedes the onset of growth (dry weight accumulation) of the axis and its accumulation continues as the growth progresses. After 2 days of imbibition, Cad is synthesized and accumulated at 37.4 nanomoles per axis per hour for at least 6 days. The rate then gradually decrases as the supply offree L-lysine from the cotyledons diminishes. Approximately 40 to 50% of the lysine resulting from breakdown of the cotyledonary protein ends up in Cad in the hypocotyl and radicle. Cad represents about 3.5% ofthe axis nitrogen derived from the cotyledons, which is equivalent to about 50% of the lysine content (-7%) of the seed protein.
The synthesis and accumulation of Put in the axis also precedes the onset ofgrowth ofthe axis. Both L-arginine decarboxylase and L-ornithine decarboxylase are involved in catalyzing the Put formation. The increased content of spermidine (Spd), but not spermine (Spm), pallels growth of the axis. Spm is maintained at a oearly undetectable level. After 2-day imbibition, Put and Spd are synthesized and accumulated at 0.94 and 0.17 nanomoles per axis per hour, respectively. The rate of Put accumulation, like that of Cad, decreases about 8 days after imbibition. The hypocotyl and radicle contain millimolar concentrations of Cad and Put which are primarily associated with the elongated zones. In contrast, Spd level or the molar ratio of Spd:Put appears to decrease as cell differentiation or elongation progresses.
In recent years, increasing evidence suggests that the naturally occurring polyamines Put2, Spd, and Spm may act as modulators of some cellular and physiological processes during plant growth and development (6) . Changes in the polyamine content or the activities of enzymes involved in Put biosynthesis have been demonstrated in a variety of plant species during early stages of seed germination or subsequent seedling growth (1, 2, 14, 17, 19) . Though some of the changes are somehow correlated with the metabolism of macromolecules (e.g. proteins and nucleic acids), the physiological and biochemical significance of polyamine metabolism in plant growth and development needs to be ' This paper (No. 84-3-114) is published with the approval of the director of the Kentucky Agricultural Experiment Station.
2Abbreviations: Put, putrescine; Spd, spermidine; Spm, spermine;
Cad, cadaverine; Agm, agmatine; PMSF, phenylmethylsulfonyl fluoride.
further elucidated. To understand the potential roles of polyamines in cellular metabolism, it is necesary to clarify whether changes in the content of polyamines in general or a specific polyamine is causally linked to, or merely a consequence of, plant growth and development. In this study, polyamine levels and complexities were determined in the cotyledon, hypocotyl hook, hypocotyl, and radicle of soybean (Glycine mnax L. Merr.) cv Williams during and after seed germination. Experiments were also carried out to characterize Cad biosynthesis in the embryonic axis during seed germination and growth ofthe young seedling.
MATERIAIS AND METHODS Plant Material. Seeds of the soybean (Glycine max L. Menf.) cv Williams harvested in 1982 from Spindletop Experimental
Farm of the University of Kentucky were used in this study. Unless otherwise noted, seeds were allowed to germinate at 23°C in the dark on water-moistened Anchor seed germination paper (Anchor Paper Co., St. Paul, MN). Samples were taken at intervals throughout germination and the cotyledons and germinated embryonic axes were manually separated. Unless otherwise stated, each of the embryonic axes was divided into three parts (radicle, hypocotyl, and hypocotyl hook) for determination of fresh weight, dry weight, and polyamine content. The axes could be clearly divided into the above three distinguishable parts by 2 d after the seeds were placed on the water-moistened germination paper. The axes from dry seed or seed that had been on the germination paper for up to 1.5 d were divided by length with one-quarter the length from the apex desgnated as the radicle, the following one-quarter length as the hypocotyl, and the remaining part as the hypocotyl hook. The separation of the hypocotyl hook from the hypocotyl is based on the observation that the hypocotyl hook portion turns greenish in color within hours after exposure to light ofdetached embryonic axes cultured in a nutrient agar medium (20) . The hook portion in darkgerminated seedlings is yellowish in color.
Analysis of Polyamine Content. Routinely, the fresh tissue derived from 30 embryonic axes (300-800 mg fresh weight) per assay was homogenized in 5 ml ofcold 5% HC104 with a Polytron tissue homogenizer. Polyamines in the acid-soluble and -insoluble fractions were qualitatively and quantitatively determined by a HPLC system as described previously (10) . In some experiments, 5 to 15 seedlings (after 3 d of imbibition) were used per assay and the seedlings were homogenized as described. Authen (4) .
RESULTS
Polyamine Titer in Soybean Seed during Imbibition and Germination. Figure 1 shows the increase in dry weight of the embryonic axis over a 6-d period after imbibition. During the first 30 h, the axis is engaged in hydration, resulting in cell expansion and without significant changes in dry weight. After 30 h imbibition, the growth of the embryonic axis is evident as a result of dry weight increases in the radicle and the hypocotyl, but not the hypocotyl hook. Since no exogenous nutrients were supplied during germination, the increases in dry weight of the axis are at the expense of reserve materials stored in the cotyledons. The dry weight of the cotyledons gradually decreases after 1.5 d of imbibition and by days 4 and 6 it is reduced by 26 and 38%, respectively.
The changes which occur in the polyamine level in the cotyledons and embryonic axis over a 6-d period of imbibition are shown in Figure 2 , A and B. In the cotyledons, the major polyamine Spd, which is accumulated during seed development (11), decreases sharply after 3 d of imbibition ( Fig. 2A ). This decrease, however, does not result in any significant changes in the levels of Spm and Put which remain relatively constant over the 6-d period. Significant amounts of Cad are present in the cotyledons of the harvested Williams soybean seeds, but it decreases rapidly upon hydration. Only traces of Cad could be detected in the cotyledons at 2 d after imbibition. Polyamine titer in the embryonic axis following imbibition exhibits an entirely different pattern from that described in the cotyledons. On an axis basis, the contents of Cad, Put, and Spd show linear increases from day 1.5 ( Fig. 2B ) and the increases parallel the growth of the axis ( Figure 3 , A to C, shows the changes in the levels of Put, Spd, and Spm in the radicle, hypocotyl, and hypocotyl hook of the embryonic axis during the 6-d period of imbibition. It is evident that the observed increase in Put content in the axes is contributed primarily by the radicle and the hypocotyl. In both the radicle and hypocotyl, the contents of Spd, like Put, increase along with the growth of the plant parts (Fig. 3, A and B ). Put and Spd levels in the hypocotyl hook also increase during the early stages of imbibition, but the levels decrease slightly after d 3 (Fig. 3C ) as the plant part shows no further increase in dry weight (Fig. 1) . Only trace amounts of Spm could be detected in the embryonic axes of germinating soybean seeds or -the young seedlings.
TIME OF GERMINATION (days)
The majority ofCad is present in the radicle and the hypocotyl, but not the hypocotyl hook (Fig. 4) . During linear growth, Cad in the radicle and the hypocotyl remains relatively constant at about 220 and 150 ;tmol-g-' dry weight, respectively. This means that Cad represents about 2% of dry weight in the radicle and 1.5% in the hypocotyl. Kinetically, the rate ofCad accumulation (25 nmolh-') in the hypocotyl is about 2 times that observed in the radicle. This is comparable to the observed difference in the growth rates of the two plant parts (Fig. 1) be detected only in the root tip and the hypocotyl apex. Similar to Put, the majority ofCad in the seedling is primarily distributed in the differentiated mature zones ofthe root and hypocotyl (Fig.  6) . The The embryonic axes detached from the mature dry seeds without preimbibition apparently are capable of synthesis of some Cad at 3.5 nmolaxis Il*h-', beginning at about 10 h after imbibition (Fig. 7B) . After 18 to 20 h or imbibition, the rate of Cad synthesis or accumulation is gradually reduced. At the end of 40-h imbibition, each detached axis accumulates only about 75 nmol of Cad, which is approximately 25% of that observed in the axis of intact seed foilowing the same period of imbibition (Fig. 7A) . The hypocotyl hook section representing about onehalfportion ofthe detached axis may contribute most ofthe Cad synthesis or accumulation measured. This is based on the observation that the rate ofCad synthesis or accumulation in the axes detached from mature dry seeds is similar to the value of3 nmol. h-' obtained for the hypocotyl hook in the intact seed during the early stages of'germination (Fig. 4) .
A biphasic pattern of changes in Put level occurs in the axis detached from the mature dry seed during 40-h imbibition (Fig.  7B) . On an axis basis, the level of Put increases at 1 nmol h-', beginning at about 4 to 5 h after imbibition. After 18 to 20 h of imbibition, the rate of Put synthesis or accumulation is double for a short period of time and then gadually decreases. In contrast to Cad and Put, the Spd level shows no significant change until 4 h after imbibition when it gradually decreases. The level of Spm in the detached axis decreases gradually during the imbibition. The changes in the polyamine content described for the detached axis occur primarily in the hypocotyl hook which is engaged in cell expansion and without dry weight increase during imbibition. Evidently (Table II) . The specific activities of the enzymes in the embryonic axis are much greater than that in the cotyledons. Based on the apparent specific activity ofL-lysine decarboxylase and the protein content (approximately 1.0 mg/hypocotyl plus radicle) of the 4-d-old seedlings, the estimated rate of Cad synthesis per axis is about 20% of the actual rate of its accumulation in the hypocotyl and radicle following germination (Fig. 4) . The apparent rate of Put formation, estimated from the specific activities of both L-arginine and L-omithine decarboxylases, is 2 times greater than the actual rate of accumulation of Put + Spd + Spm (1.1 nmolh' ) in the hypocotyl and radicle (Fig. 3, A and B) .
Polyamine Titer in the Greenhouse-Grown Soybean Seedlings. Table III shows the changes in polyamine content in various parts of soybean seedlings at various times after imbibition in vermiculite and germination in the greenhouse. In general, the complexity and content of polyamine in the radicle, hypocotyl, and hypocotyl hook during early stages of seedling growth is similar to that described for the seedlings of dark-germinated soybean. During 8-d growing period, the levels of Cad in the radicle and hypocotyl represent about 1.5 and 0.7% of the dry weights of the plant parts, respectively. At Comparison of polyamine titer in the embryonic axis during seed development and germination (Fig. 10, A and B) shows that the rate of polyamine synthesis or accumulation in general is greatly accelerated as the hydration and germination of the seed proceeds. Thus, the activation of polyamine synthesis, particularly Cad, following imbibition is not merely a continuation of the polyamine metabolism occurring in the embryonic axis of the developing seed prior to dehydration during seed maturation. Table I detached and briefly washed with distilled H20. The plant parts were homogenized in 5% HCOO as described in "Materials and Methods". Polyamines were benzoylated and fractionated by HPLC as described in Figure  8 . The amounts of radioactivity recovered as Cad were determined. (Fig. 8B) , while the detached cotyledons produce insignificant amounts ofthe diamines; (b) the supply ofthe diamine precursors (L-lysine and L-arginine or L-ornithine) from the cotyledons for continuous synthesis of the diamines in the axis is not needed until 25 to 30 h after imbibition when the axis growth begins; and (c) [1,5-'4C]Cad injected directly into the cotyledons of young soybean seedlings is not tanslocated to the growing embryonic axes. Apparently, polyamines in general are not transported in vivo in higher plants (21) . Our preliminary observation also indicates that the activities of the diamine biosynthetic enzymes (L-lysine decarboxylase, L-arginine decarboxylase, and L-ornithine decarboxylase) are primarily present in the growing axis, and the activities increase during imbibition. These results strongly argue that the synthesis and accumulation of Cad and Put during the first 24 h of imbibition is carried out in and by the axis itself.
Some correlation exists between polyamine synthesis and the growth of soybean seedlings (shown here) as demonstrated in young seedlings of other plant species (1, 2, 15, 19) . In this study, the Cad, Put, and Spd content in the embryonic axis of soybean seeds increases as the growth of axes progress, and the increases are maintained at maximum rates during the early linear phase of growth of the axes. Both of the activity of L-lysine decarboxylase present in the axis and the availability of L-lysine derived from breakdown of the cotyledonary protein are important factors for the determination of Cad synthesis in the hypocotyl and root of young soybean seedlings. Most of Cad accumulated in the soybean hypocotyl and root appears to be resulting from enzymic decarboxylation of the L-lysine derived dirtly from the cotyledons. According to Kato and Kitada (9) , the embryonic axis accumulates approximately 1 mg of nitrogen-axis' -dd' during the first 14 (18) . Whether the effect occurs in vivo is not known. Cad is not widely distributed in higher plants (12, 17) . In view of its high concentration, its limited turnover, and its restricted distribution, Cad appears not to be an ideal candidate for regulatory function in common metabolic processes in higher plants. At present, available evidence from this study and studies ofCad metabolism in germinating seeds of a variety of plant species (12) 
